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housekeeping protein. The absence ot\ 
typical leader peptide from the deduced 
amino acid sequence (22). may suggest that 
the protein is not destined to penetrate the 19 
endoplasmic reticulum and therefore its po- 
tential N-linked glycosylarion site (Fig. 1) — 

may not be used. The strong interspecies 
conservation of the WL623 nucleotide so 

S^S^SSSrS^ Genetically Transformed Maize Plants from 

spread expression of the gene, provide PrOtOplaStS 

strong evidence that the protein subserves a 

fundamental and probably phylogcnetically 
ancient function. The most striking feature 
of this previously undetected gene resides in 
its central repeat clement for which we have 
failed to find a significant match in the 
protein sequences available from different 
databases. Moreover, our inability to relate 
any segment of the remaining sequence to 
that of other proteins (22) indicates that 
WL623 identifies a novel class of proteins. 
Finally our finding adds a new clement in 
support of the genetic heterogeneity of the 
class III region of the MHC, a concept that 
already emerged with the cloning of the 
cytochrome P450 gene encoding the steroid 
21 hydroxylase isozyme (23). 



Carol A. Rhodes, Dorothy A. Pierce,* Irvin J. Mettler, 
Desmond Mascarenhas,! Ji ll J. DETMERt 

Genetically transformed maize plants were obtained from protoplasts treated with 
recombinant DNA. Protoplasts that were digested from embryogenic cell suspension 
cultures of maize inbred A188 were combined with plasmid DNA containing a gene 
coding for :.v . , .. k 

cauliflower moJc virus. A high voltage electrical pulse was applied to the protoplasts, 
which were then grown on filters placed over feeder layers of maize suspension cells 
(Black Mexican Sweet) and selected for growth in the presence of kanamydn. Selected 
cell lines showed NPT II activity. Plants were regenerated from transformed cell lines 
and grown to maturity. Southern analysis of DNA extracted from callus and plants 
indicated the presence of the NPT II gene. 
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AGRICULTURALLY IMPORTANT CERE- 
al crops, including maize, have been 
difficult to engineer genetically by 
current techniques for gene insertion. With 
few exceptions (J, 2), most of the gramina- 
ceous crops are not readily susceptible to 
infection by Affrobacterium tumcfaciens, 
which is a vector for gene transfer common- 
ly used with many dicot species (J, 4), 
Genes can be transferred directly into proto- 
plasts, without an Agrobaacrium vector, by 
methods that permit DNA to cross the 
plasmalemma (5-6*). Stable transformation 
of maize cells has been achieved through 
direct uptake of DNA into protoplasts that 
had been permcabilizcd by dectroporation 
(8, 9) y but until recendy (JO) no plants had 
been recovered fiom maize protoplasts. We 
now describe re g ener a tion of maize plants 
derived fiom protoplasts into which a gene 
encoding neomycin phosphotransferase II 
(NPT U) was introduced via dectropora- 
tion. NPT II permits plant cells to grow on 
inhibitory levels of the antibiotic kanamydn 
(3, 8) and can be used as a dominant marker 
to select for transformed cells. 

Protoplasts were isolated from an em- 
bryogenic cell suspension culture of maize 
inbred A188 (10). The cell culture was 
initiated as calhis from immature embryos 
18 months before these experiments were 



begun and had been grown as a suspension 
culture in liquid N6ap medium (10) for 
approximately 1 year. Plants were then easi- 
ly regenerated by transferring callus to N6ap 
or MS (11) medium without auxin. 

Freshly prepared protoplasts were sus- 
pended at densities of 3 x 10 6 to 6 x 10 6 
per milliliter of N6ap medium (450 mosAf, 
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Fig. 1. Diagram of pDP23 and pMPI. The 355 
rjrom o tcr fragment in pDP23 (9) extends from 
the Bam HI site at -420 bp to the Dde 1 site a 
+131 bp with respect to the start of RNA 
transcripaon (22). The fragment carrying the 
NPT II gene includes 15 bp of 5' noncoding 
region and 343 bp of 3' ixmcoding region ex- 
tending to che Sal I she in Tn5. The false start 
ATG 16 bp upstream from the original Tn5 
version has been deleted. The 3' region of the oa 
gene was recovered as a 707-bp Pvu II fragment 
(13). The cassette in pMPI contains a version of 
the 355 promoter that includes 51 bp of CaMV 
sequence downstream from the start of RNA 
cr an se ripdo n (9). For pMPI, the sequence in the 
5' noncodmg region of NPT II in pDP23 was 
changed from 5' TTCGCATG-3' to 5' AGACA 
ATG-3'.The3' region ofpS&l txtdudes a 270- 
bp Rsa I fragment from the 3' region of the 
sucrose synthase (sh) gene (19) fused at its 3' end 
to the Pvu II fragment of the oa rx^tyadenyiarion 
region. The NPT II cassettes in pDP23 and 
pMPI are bor d ered by Bam HI sites and were 
inserted into the Bam HI site of pUC19. 
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pH 8.0). In some experiments, proto r ~: ^ 
were incubated for 2 to 4 minutes at 43°C 
and then cooled by ice water before pro- 
ceeding. This heat treatment did not affect 
protoplast viability. Protoplasts were por- 
tioned into miaofuge tubes (0.5 ml per 
cube) and the following solutions were add- 
ed to each tube: 75 ui of 2M KO; 20 ul of 
sonicated calf thymus DNA (2.5 mg/ml); 
0.5 ml of N6ap medium, pH 8.0; and 20 to 
40 ug of superceded plasmid DNA. 

Two plasmid constructions, pDP23 and 
pMPl (Fig 1), were used, each of which 
included a bacterial NIT II gene from Tn5 
as a selectable marker for transformation. 
Plasmid pDP23 (P) contained the 35S pro- 
moter region of cauliflower mosaic virus 
(CaMV) {12), including 131 base pairs of 
untranslated leader sequence and the 3' 
polyadenytanon region of the octopine syn- 
thase gene (oa) from the Ti plasmid of 
Agrobcutcrium tumejaciens (13). The pMPl 
plasmid contained a similar version of the 




Rn. 2. S elect io n of IranamyciD-resistant A188 
caUus and regeneration of plants. A188 proto- 
piasts were electroporated in a solution contain* 
ins the plasmid pMPl (20 to 40 pgfail) and 
selected tor growth in the presence of Lanauiy c in , 
as described in the text." (A) CaQus grown from 
dccttopouied protoplasts after 19 days on medi- 
um ennraming Lnuny m Pflrrr 1 «hrwa minimal 

growth from control proto p lasts, which were 
decooponted without pMPL Fiber 2 



cattns grown from protoplasts that were electro* 
poratcd in the presence of pMPl. Protoplasts on 
filter 3 were subjected to a heat treatment (2 
minutes at 43*C) before cfcctropocatk» under 
the same conditions used with protoplasts on 
filter 2. (B) Mature plant regenerated from proto- 
plast-derived calhis s e l ected for kanaznycin resist* 
ance, As b typical for ^regenerated maize plants, 



this plant was about 
plants 



* as taD as seed-grown 



CaMV 355 promoter, but with only 5 1 base 
pairs of leader sequence (P) and selected 
changes in the sequence upstream from the 
ATC start signal in the NPT II coding 
region, as well as a modified 3' terminal 
region (Fig. 1). 

Each mixture of protoplasts and DNA 
was immediately traroferrcd to sterile 0.4- 
cm plastic cuvettes fitted with ahiminum foil 
electrodes (9, 14). An electrical field of 200 
to 300 V (500 to 750 V/cm) was applied at 
room temperature by discharge of a 1200- 
liF capacitor that had been previously 
charged with an electrophoresis power sup- 
ply. Five minutes later, electroporated pro- 
toplasts were .diluted with two volumes of 
N6ap medium {pH 5.8). Percentages of 
viable protoplasts decreased with increasing 
field s trength. Application of 250 V (625 
V/cm) caused a 30 to 50% decrease in 
viability. 

Protoplasts were plated on Milliporc fil- 
ters (pore size, 0.8 \im) over N6ap medium 
(adjusted to 450 mosAf with mannitol) with 
Black Mexican Sweet (BMS) suspension 
cells as a nurse culture. Each feeder layer 
plate consisted of 0.5 g of BMS cells sus- 
pended in 2 ml of liquid N6ap medium and 
spread over 20 ml of agar-solidified N6ap 
(10). Milliporc support filters with proto- 
plasts were transferred after 7 days to N6ap 
medium of reduced osmolality (300 mosAf) 
with fresh BMS feeder layers. Kanamycin 
sulfate (50 to 150 mg/litcr) (Sigma) was 
included in the growth medium after the 
initial 7 days to inhibit growth of cells not 
expressing the NPT II gene. Fitters were 
transferred again at day 14 to N6ap medium 
(180 mosAf) with kanamycin and without 
any BMS feeder layers (Fig. 2A). Three 
weeks after electroporation, mcuvichial calli 
that were resistant to growth inhibition by 
kanamycin were sdected from the filter and 
transferred directly to N6ap medium con- 
taining kanamycin. After an additional 2 
weeks of growth, there ! was sufficient callus 
tissue (approximately 800 mg) ofeaxhkana- 
mycin-resistant cell line to assay for NPT 
activity, as wdl as to regenerate plants (Fig. 
2B). This protocol of 4 weeks of selection 
for resistance to kanamycin resulted in virtu- 
ally no iK»trarjsfbrmcd "escapes.* 

Experiments were done to identify the 
optimum concentration of kanamycin for 
use in this selection system. Growth of a 
nontransfonned suspension was nearly 
stopped after 3 weeks in k anamy c in at 50 
mgAiter, whereas the growth rate of one 
transformed cdl suspension in kanamycin at 
500 mg/litcr was 77% of its growth rate 
without kanamycin. Low levels of NPT II 
expression were correlated with slow 
growth of some transformed cell fines on 
kanamycin at 150 mg/liter. There was some 



; ilibioon of BMS feeder cell growth on 
medium containing kanamycin at 100 
mgfliter, but not enough in 7 days to visibly ' 
affect protoplast growth. We recommend 
using kanamycin at 100 mg/litcr in this 
selection system, as this concentration effec- 
tively inhibits growth of control calli with- 
out requiring extremely high levels of NPT 
II expression in transformants. 

This selection system provided immediate 
immobilizadon of protoplasts, thereby re- 
ducing the probability of individual trans- 
formed clones splitting into two or more cell 
lines or of protoplast fusions that could 
create chimeric cell lines. Only one pre- 
sumptive chimeric clone was obtained 
among approximately 200 selected cell lines. 

Transformation frequencies were calculat- 
ed by comparing the number of kanamycin- 
resistant NPT II-positive calli to the num- 
ber of calli grown wirhour selection fcyy, 
replicate plates receiving the same treat- 
ment. Transformation frequencies were as 
high as 5% of callus-forming protoplasts. 
More typical frequencies were lower, ap- 
proximately 0.5 to 1%. Heat treatment of 
protoplasts before electroporation was 

Transformants 
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Fig. 3. NPT II expression in transformed A188 
callus and plants. Extracts (20 ui) of callus and 
plant tissues were dectropborcsed through a poly- 
aayhmide gd and assayed for NPT II activity 
(25). (A) Extract of a BMS cell line transformed 
with the NIT II gene was the positive control in 
the first lane (+). The third lane (lane Q con- 
tained o uj u from A188 calhis grown from 
p rotop la sts electroporated without pMPl or 
pDP23 present. Lanes a through g contain ex- 
tracts from k a n ii iry un-resctant calhis selected in 
three separate transfocxnanon experiments. (B) 
NPT II exptestioo in transformed plants. Extracts 
from callus (Q and from roots (R) and leaves (L) 
of a transformed plant itginunt d from this cdl 
One (T235a) contained NPT II activity, whereas 
no NPT II activity was present in extracts of 
equivalent nontntnsfbrmcd control tissues (con- 
trol lanes C, R» and L). 
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Fig. 4. Southern blot analysis of DNA from A188 
callus and regenerated plants. DNA was isc " 
.from a plant (lane 1) and callus lines (lanes 2 w ^; 
with KPT n activity and from control callus 
(A188) by modification of a previous method 
(20). Tissues were frozen in liquid nitrogen, 
ground to a powder, and homogenized in buffer 
containing 50 taM tris, pH 8.0, 50 mAf EDTA, 4<2 ^ 
250 mAf Nad, and 10 mAf ftoercattotrhanoL 
After cxmcuoa with phenol and cnloroform, 
pcJysacchanVlfs were removed by at jmi m ntofthe 
aqueous phase with 0.1 volume of ethanol for 10 
minutes at (TC> then cennifuging the potysaccha* 
rides at 10,000^ for 5 minutes at 4°Q (22). 
Nudek acids were then prec ipi tated with ethanol 
from the amieous phase The DNA was curwith 
the restriction enzyme Bam HI, ckctrophorcsed 
through an agarose gel, and transferred to a 
nitrocellulose membrane (22). The blot was hybridized to a * 2 P4abeled 0.9-kb fragment that contained 
the NPT II gene. The first three lanes were loaded wim Bam ffl-restricted ^ 
6\ and 12 copies per hapbid maize genome (4.5 x 10 9 bp). 



&3kb 




sometimes effective in increasing transfor- 
mation frequency as much as threefold (Fig. 
2A). This result was not con sist e nt; less 
vigorous protoplasts showed no effect with 
heat tre a tme nt . Electxoporation with 250 V 
(625 V/an) produced higher tramfornu- 
don frequencies than efc exropot ari oo with 
lower voltages, despite greater reductions in 
the percentage of viable protoplasts (30 to 
50% decrease) than were seen with lower 
voltages. 

Cell extracts of kanamydn-resistant calli 
and regenerated plants were tested for NPT 
II activity by means of a standard in vitro 
assay (15). Callus from p rotop lisu porated 
without DNA encoding NPT II showed no 
NPT H activity, whereas calms from proto- 
plasts porated in the presence of either 

pDPianrpMPl had phof fh ^t yhriM ICdV 

ity that migrated with the activity in trans- 
formed BMS callus (Kg. 3A). NPT H scrivi- 
ty was stable in callus grown without kana- 
mycin for at least 10 months. Relative spe- 
cific activity of NPT II was ^^hvri from 
liquid scintillation counting of the anwifyr 
of racfoisc«rjpe4abcJed kanamycin phos- 
phate bound to the P81 phosphwxflulose 
paper, adjusted for the anuutt of protein in 
the original extract loaded per lane The 
mean value for relative specific activity of 
NPT H from 58 cdl lines transfoanedwith 
pMPl was 155, compared to a mean value 
of 34 from 34 cell h^'nnsfrxmed with 
pDP23. Th» cottesjponds well with relative 
values obtained whh transient ^i p i m t on 
assays of these two plasmids in BMSprt*r> 
plasts (Id), Specific activities of NPT U in 
leaf and root tissues of plants were L8 and 
2.0 times higher , r e sp ect iv el y, than levels in 
tnnsfonned callus (Fig. 3B)« - 

Southern bloc analysis of DNA from cat 
his and plants with NPT II activity was 
performed id confirm the presencevo£the 
NPT U gene. T^i^MAi^gLlAasKm. , 
which carries the mTT^i^^^Ski 
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was isolated and labeled with 32 P by nick 
translation, then hybridized to Bam HI- 
restricted genomic DNA from several maize 
cdl lines and plant tissue (Fig. 4). The NPT 
II probe did not hybridize to DNA from 
riontransformed A188 callus, but did hy- 
bridize to the expected 2.35-kb DNA frag- 
ment of Bam Hl-digcstcd pMPl, whkh 
carries the NPT II gene cassette (lanes desig- 
nated pMPl and A188 in Fig. 4). DNA 
from a regenerated plant and five kanamy- 
cin-rcsistant cell lines, derived from three 
separate experiments, hybridized to the 
NPT H DNA probe (Fig. 4, lanes Tl 
through T6). The expected fragment size of 
2.35 kb was not always observed Transfor- 
mants 3, 4, and 6 ap p ar e ntly contained the 
NPT II gene cassette rearranged in a way 
that altered the position of the Bam HI 
restriction sites. These three cell lines were 
recovered from protoplasts receiving differ* 
ent tr eatments, thus eliminating the possi- 
bility that their similar hyrjridrzation pat* 
terns were the result of sampling the same 
trarttforrnant more than once. None of these 
rearrangements correlated with relative 
NPT H activity in these caDL Southern blot 
analysis of umxstricted DNA of these trans- 
form a nt s revealed no hybridization to the 
NPT II gene probe at the expected size of 
smgte<DOT plasmids, an indication that the 
transforming DNA was in tegr at e d into the 
pbnt genomes. The estimated number of 
NPT n gene copies was less than five per 
rra n s forrmnt genome, as judged by a com- 
parison with copy numte 
cd on the same hybridized filter (Eg. 4). 
Relative specific activity of NPT n, whkh 
ranged from 34 to 594 for these transfer- 
mams, was imdirectfy 
number of NPT II gene copies per genome, 
Regeneration of shoots occurred readily 
in approximately 18% of the transformed 
calE when transferred to "v% n without 
2,4-diditotophcrioxyac^ add. Ar this 



rime, 29 cell lines from five separate experi- 
ants have produced plants that were trans- 
icrrcd to soil Thirty-eight, plants derived 
from ten different cell lines have reached 
maturity. None have yet produced viable 
pollen; only one plant produced silks, but 
did not produce seed when outoossed. In* 
sufficient numbers of control plants have 
grown to maturity to permit conclusions as 
to whether the processes of protoplasting,' 
trarofonnation, or the cell line itself might 
be responsible for lack of fertility. Efforts 
continue to regenerate fertile plants from 
these transformed cultures. 

We have demonstrated that maize proto- 
plasts can be genetically transformed and 
grown to mature plants that express the 
inserted gene. Elcctroporarion is a conve- 
nient method of trarisformatiosi, both be- 
cause of its simplicity and the reasonable 
rates of transformation that can be achieved. 
Although the transformed plants from these 
electroporation experiments did not pro- 
duce seed, it is likely that the infertility 
problems arc associated with the cell line 
itself. These cultures are now over 2 years 
old, and it is not unusual for maize cell 
cultures of this age to carry generic changes 
serious enough to cause sterility (17, 18). 
Other work (10) indicates that this tech* 
niquc should be applicable to other maize 
cell cultures and genotypes. 

As it exists now, this system permits test- 
ing of tissue-specific gene promoters and of 
gene expression in nonchimeric maize 
plants. Our data on levels of NPT II activity 
in callus and plants transformed with 355 
NPT II ocr gene constructs indicate that 
expression in plants can be as high as or 
higher than in callus. 
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Insecticidal Activity and Lectin Homology of Arcelin 
Seed Protein 

rSSlfr^JP 00 ^ Danny C. Alexandbr,* Samuel S. M. Sun,t 
Cesar Carpona, Frbdrick A. Buss 

AKdin, a major seed protein discovered in wild beans (Pbascolus vulgaris), has toxic 
effects on an important bean bruchid pest, Zabrvta subfuscuuus. Transfer of the arcelin- 
}.*?, * ~ CuJtIvars and addition of purified arcelin to artificial seeds results in 
high levels of insect resistance. The nucleotide and derived amino add sequences of the 

l^ n T^n^ e ^^ n ' "H* or S«es ««*iing ««lin may have evolved 
from^hytohaMg^wmm gene or genes resulting fa an effective mechanism for 
resistance to bean bruchids. 



PLANTS HAVB EVOLVED WITH vari- 
ous mcxiianisms to prc4rxt thw 
from insect predators. Proteins, 
which are major components of legume 
seeds, represent potential antibiosis factors 
that could aftct predation (2-3). Seeds of 
common bean, Plmtciusv^/msl^axxam 
a carrx>hydrate-bimi^ lectin protein called 
phytohaiugghitinin (PHA)* Although the 
function of PHA has not been demonstrated 
condusrveiy (4), Janzen «r A (2) suggested 
that a major part of its adaptive significance 
is to protect bean seeds from irjsect preda- 
tors. That conclusion was based on the toxic 
effects of PHA on the cowpea weevil (CaBo- 

corporated into artificial cowpea seeds. 

Although PHA may protea bean seeds 
from predation by sexneinsect^kfemeffi* 
rive against the two most importambnichid 
pests of bean, the bean weevil, Aamtbasct- 
lida obteam (Say), and the Mexican bean 
weevil, Zabrota subfrsdaXus (Boheman). 

Waa^nan, Matfiwn, WI S370&; forma* « AK0O 
Rgordi Inaante, 6560 Trinity Cowl, Dufafia, CA 

adrW Cafcae, 1 920 Scfa Wt.Dxv^CA 



Most bean cuhivars contain PHA, but no 
high levels of resistance have been found 
among cultivated materials (5). Among wild 
beans, however, accessions with high levels 
of resistance to these bruchid species have 
been identified (<*). These wild accessions 
also contain a major seed protein, named 
arcelin, whkh has not been detected in seeds 
of bean cuhivars (7). Four arcelin variants 
have been identified in wild beans. Acces- 
sions coritaining arcelin-2, -3, or -4 are 
resistant to the two bruchid species, but 
arcelir^l-containing accessions have not 
been identified as resistant, probably be- 



ause the arcelin-1 allele occurs at low fre- 
quencies in wild accessions containing this 
variant {6, 7). In earlier studies, we found 
that genes controlling arcelin and PHA 
expression are tightly linked (7) and that 
arcelin-1 has several properties in common 
with PHA (8). In this study we report on 
insecricidal activity of the arcelin-1 protein 
in backcross-dcrived bean lines and in artifi- 
cial seeds. We also report on the cloning and 
sequencing of a complementary DNA 
(cDNA) for arcelin- 1 and on comparisons 
of arcelin and lectin sequences. 

Although the presence of arcelin is corre- 
lated with bruchid resistance in wild beans, 
factors other than arcelin protein might 
confer the resistance property. To test 
whether resistance is associated with the 
genetic transfer of arcelin, we introduced the 
arcelin-1 allele from the wild line UW325 
(9) into the bean cultivar Sanilac by two 
generations of backcrossing followed by two 
selfing generations. The expression of arce- 
lin is controlled by a single Mendelian gene, 
and the presence of arcelin is dominant to its 
absence (7, P). Seeds of backcross lines were 
tested for resistance to Z. subfksdatus (Table 
1). On the basis of days until adult emer- 
gence and percentage emergence of adults, 
all arcelin- 1-containing lines showed high 
levels of resistance. Lines lacking arcelin. l 
were fully susceptible compared to the check 
cultivar, and lines segregating for arcelin-1 
had intermediate levels of resistance. These 
results demonstrate that the arcelin-1 variant 
is associated with high levels of resistance to 

ance is associated with the genetic transfer of 
arcdin-1 expression. 

Analogous sets of backcross lines were 
developed from different cultivated bean 
types (for example, Pinto and black-seeded 
types) as recurrent parents. Wha Defines 



50 seeds each, each rer^icatk^ 



line or cultivar 



Arcdm 
genotype 



Days 
until adult 



emergence 



Backcross Hue 
3 
5 
4 
7 
8 
9 

1 
2 
6 

Susceptible cultivar 
Cafima 



ArcVArc 1 

ArcVArc 1 

Arc'/arc 

ArcVarc 

Arc'/arc 

ArcVarc 

arc/arc " 

arc/arc 

arc/arc 

arc/arc 



♦Vahw baaed op one observation. 



53.0 (±0.7) 
47* (±3.2) 
33.2 (±23) 
37.2* 
33.1* 
35.4* 

343 (±0.2) 
34.7 (±0.1) 
34.4 (±0.3) 

34.0 (±0.3) 



23 (±03) 
2.1 (±03) 

20.9 (±5.6) 

38.7* 

34.6* 

303* 

89.5 (±3.8) 
763 (±13) 

93.8 (±63) 

92.9 (±3.9) 
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